Abstract
landslides which quickly make the transition from sliding to flow mass movements 49 (Iverson, 1997; Ballantyne, 2004a; Hungr, 2005; Iverson et al., 2010 into the underlying slope material (Ballantyne 2004a) .
58
Debris flows occur frequently in areas of high relief where an adequate 59 topographic gradient and a covering of loose or weak hillslope material exists (Innes, 60 1983a; Ballantyne, 1986 Ballantyne, , 2004a Iverson, 1997) . Thus, these landslides are common 61 in upland areas around the world, often presenting as a serious geological hazard 62 which has caused the loss of numerous lives (e.g. Lopez et al., 2003; Fernandes et 63 al., 2004; Chen & Petley, 2005; Petley et al., 2007; Wooten et al., 2008; Hilker et al., 64 2009; Yune et al., 2013) . In Scotland, the magnitude of individual debris flows is 65 usually significantly smaller than those in mountainous areas of higher relief (Innes, 66 1985 and disruption to the road and rail networks (Ballantyne, 2004a; Nettleton et al., 73 2005; Winter et al., 2006; Milne et al., 2009; Milne et al., 2010; BGS, 2015a) .
74
Debris flows are typically triggered by a rapid input of water into the slope 75 material during rainstorms. This causes the phreatic surface to rise leading to an 76 increase in pore-water pressures, a reduction in effective stress and consequential 77 slope instability (Ballantyne, 1986) . In some cases, failure can also be triggered by 78 loss of soil suction resulting from the downward migration of a rain induced wetting 79 front (Fourie, 1996; Springman et al., 2003) . The characteristics of preceding rainfall 80 and the associated influence on antecedent soil moisture content also exerts a 81 fundamental control on debris flow initiation (Church and Miles 1987; Ballantyne 82 2004a). Accordingly, the optimal conditions for the generation of debris flows occur 83 when high magnitude rainfall follows a period of wet weather . (Ballantyne, 1981 (Ballantyne, , 1986 (Ballantyne, , 2004a 95 Innes, 1983a underlain by Torridonian Sandstone (Ballantyne and Eckford, 1984; Ballantyne and 134 Whittington, 1987; Ballantyne, 1993; Ballantyne and Morrocco, 2006) .
135
The Lairig Ghru (2) is a steep sided glacial breach valley incised through the 136 coarse-grained granite of the Cairngorm Mountains between the summits of 137 Braeriach (1296 mAOD) and Ben MacDui (1309 mAOD) (Luckman, 1992) . The study 138 site comprises a 1 kilometre stretch of the west facing slope of the pass. At this 139 location the slopes are largely covered by exposed talus and sandy regolith which has been reworked by debris flow activity and snow avalanching (Luckman, 1992; 141 Ballantyne, 2004a) .
142
The Pass of Drumochter (3) comparative susceptibility at each study site .
198
Along with field characterisation the sites had also to be considered in terms have triggered failure (Innes, 1983a) . It was also ensured that the sampled initiating 
Laboratory Analyses

250
Sampled soils were analysed in the laboratory to determine effective stress 251 parameters and permeability; characteristics which are essential in determining the 252 susceptibility of a slope to debris flow (Selby, 1993) . All the sampled soils were 253 observed to be matrix-dominated (whereby coarser clastic material larger than 2 mm 254 is entirely supported within finer grained particles). Accordingly, as the shear 255 strength and permeability are determined by the supporting matrix in such soils, all 256 the tests in the laboratory investigation were carried out on the < 2mm fraction 257 (Fannin et al., 2005) .
The constant-head permeability test (BSI, 1990) 
Results
288
The measured spatial frequency of debris-flow paths per cross-slope kilometre at 289 each study site is summarised in Table 2 . This demonstrates that the highest 290 number of debris-flow paths was observed on the granitic slopes of Glamaig (4a) 291 and the Lairig Ghru (2) whilst the lowest were measured at Glen Ogle (6) and Mill
292
Glen (5). After normalisation for the effect of varying rainfall the study sites at An using the attributes outlined by Corominas (1996) in which symbols are assigned to 317 commonly observed features associated with debris flows (Table 3) . Several of the which have become extensively vegetated due to inactivity (1b, 5) ( Corominas ' (1996) terminology. In the deposition zone, several of the sampled flows 336 (1a, 1b, 2, 3, 4a) displayed evidence of toe thickening (t) with the "piling up" of 337 successive, viscous debris fronts towards the distal end of the debris-flow path.
338
Debris flow deposits were free spreading (e) with unhindered lateral and downward 339 expansion in the deposition zone at the remainder of the flows (4b, 5, 6a, 6b) ( Table   340 3). 
367
Loss on ignition tests indicate that soil sampled from the initiation zones on 368 both the basalt and granite parts of Glamaig (4a, 4b) and the Pass of Drumochter (3) 369 have high organic content, the material at Mill Glen (5) and at the Lairig Ghru (2) has 370 medium organic content, and that from An Teallach (1a) and Glen Ogle (6a) has low 371 organic content (BSI, 1999) . The most permeable soils were those at An Teallach
372
(1a) and the Lairig Ghru (2) whilst the Mill Glen soil (5) was found to be the least 373 permeable. All of the permeability coefficients are typical of those expected for 374 coarse sands, except for Mill Glen (5) which has a permeability comparable with a 375 fine sand (Selby, 1993 
Discussion
384
In agreement with observations from previous research (Ballantyne, 1981 (Ballantyne, , 1986 2004a), higher numbers of debris-flow paths were observed on hillslopes underlain 386 by sandstone (1) and granitic bedrocks (2, 4a) compared to those with schist (6) and 387 extrusive lava lithologies (5, 4b) ( than that experienced at the other study sites with fine-grained extrusive igneous or 409 schistose lithologies (Table 2 ; Fig. 4 ).
410
To gain further understanding of the importance of topographic and material (3), and an observed presence of roots 441 through the soil profile at the Lairig Ghru (2).
442
It may also be expected that the results shown in Fig. 7 could be influenced showed that it is the relative roughness of the two materials that dictates if failure will 460 occur at the interface or in the soil (Jardine et al., 1993) . Therefore, the strong 461 relationship in Fig. 7 suggests that the simple assessment of landslide susceptibility slopes at the study sites, the data suggests that soil strength coupled with initiation 473 zone topography exerts a more important control than permeability on debris flow 474 susceptibility. Thus, the trend observed in this and previous research (Ballantyne, 475 1981 (Ballantyne, 475 , 1986 (Ballantyne, 475 , 2004a in which slopes underlain by coarse grained granite and 476 sandstone lithologies generally present a higher frequency of debris-flow paths, may 477 be attributed to the sandier sediments generated from these lithologies having fewer infiltration rates determined by the matrix particle size distribution are likely to exert a 492 critical control on hillslope susceptibility to debris flow (Ballantyne, 1986 by acting as a barrier to rapid inundation, their capacity for moisture retention can 497 also reduce slope stability by increasing the downslope component of loading.
498
The relationships between the volume of the debris flow events and slope 499 length (L it ), is strongly correlated with debris-flow paths where the slope above the 500 deposition zone (encompassing the initiation and transport zones) is longer tending 501 to yield higher volumes of debris deposits (Fig. 8) . As well as influencing the deposit 502 volume, longer debris flows also tend to produce deposits which travel further at the 503 slope foot (deposit length, L d ) as demonstrated by the strong correlation between 504 these geometric characteristics (Fig. 9 ). This data varies from the more commonly 505 adopted vertical drop (H) and travel distance (L) (Corominas, 1996) which 506 encompasses a measure of the entire debris-flow path from the main scarp to the 507 terminus of the deposition zone (Fig. 10) . By adopting analysis based purely upon 508 the geometry of initiation and transport zones (i.e. ignoring the deposition zone) it is 509 possible to predict the likely volume and runout of material based upon geometry 510 above the slope-foot where infrastructure at risk is typically situated. This then lends 511 itself to automated hazard identification using Geographic Information Systems (GIS) 512 in which slope dimensions can easily be defined.
513
It is important to recognise that the number of debris flows in the data-set 514 could be supplemented in future research to provide further confidence in the 515 relationships presented. Nevertheless, strong correlations between debris flow 516 geometry and magnitude have been identified elsewhere in the world (Corominas, 517 1996; Legros, 2002; Rickenmann, 2005) underlining the universal importance of channel wall failures during the event (Hungr et al. 1984; Wieczorek et al. 2000; 524 D'Agostino and Marchi, 2003; Jakob et al. 2005; Milne et al. 2010; Iverson et al. 525 2011). This accumulation (also known as bulking) is demonstrated in Table 3 where losing volume during propagation downslope (Table 3) .
541
It is notable that the relationship between H/L and volume of slope foot 542 deposits is similar to that found by Corominas (1996) (Fig. 10) . However, three 543 events (4a, 2 and 6a) appear to produce significantly more material than predicted 544 by Corominas (1996) . For example, for the debris flow sampled on the granitic for higher reach angle events to create greater volumes of debris shown here (2, 4a, 557 6a) than predicted by Corominas (1996) is likely to be a function of the differences in 558 data sets where Corominas (1996) was fitting a larger number of landslide events 559 incorporating flows typically an order of magnitude greater than Scottish debris flows.
560
The geometric and material controls on the debris flow process observed in lithologies (Ballantyne, 1981 (Ballantyne, , 1986 (Ballantyne, , 2004a ) ( research on debris flow processes (Ballantyne, 1981 (Ballantyne, , 1986 (Ballantyne, , 2004a Innes, 1983a) (Corominas, 1996; Legros, 2002; Rickenmann, 2005) Corominas (1996) are included for comparison.
